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1. Introduction
It has become increasingly common for previously seden-
tary people to initiate endurance training to improve their
endurance capability. The objective of endurance training is
to improve the physiological components that determine the
average speed or power of performance. The most impor-
tant physiological determinants of endurance performance
are the individual’s maximum oxygen uptake ( ˙VO2max) and
the fractional percentage of ˙VO2max that can be sustained
which is commonly estimated by the lactate threshold.4 In
order to improve these physiological determinants individu-
als aiming to improve their endurance performance should
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gradually increase the intensity of training over a period
of time. The progressive increase in training intensity from
the proceeding exercise session reputedly stresses the body’s
ability to regulate homeostasis5; as a consequence the body
is reputed to adapt to the increasing homeostatic challenge
occurring during exercise in order to minimise changes
in homeostasis in succeeding exercise bouts.1 Despite the
assumed and anecdotal importance of progressive incre-
ments in exercise training intensity, little scientific literature
exists on how important progression is in evoking phys-
iological changes to endurance exercise training. Hickson
et al. (1981) revealed that ˙VO2max increases after 3 weeks
of endurance training but will plateau by the fourth week
of training if the initial work-rate is maintained. Conse-
quently, Hickson et al. (1981) reported that unless the
training stimulus increases, further improvements in oxy-
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gen consumption would not result. However, there appears
to be little literature comparing the changes in oxygen con-
sumption and lactate threshold where the initial exercise
intensity is maintained or incrementally elevated each ses-
sion. Therefore, the primary focus of this study was to
compare the effect of increasing exercise intensity during an
endurance training regime to an endurance training regime
where the initial work-rate is maintained, on changes in
maximum oxygen consumption and lactate threshold. A sec-
ond objective is to investigate if changes ˙VO2max and the
exercise lactate threshold improves 5000 m time trial run
performance.
2. Methods
Twenty-eight healthy participants (14 men and 14
women) who had not engaged in any regular running for
several months and no previous competitive running his-
tory volunteered for this study. One participant did not
complete the study due to injury and therefore, his/her
data were omitted from the analysis. The participants
had the following characteristics: age = 20.8 ± 4.8 years;
height = 174.3 ± 8.3 cm; mass = 70.6 ± 12.8 kg. All partici-
pants provided written informed consent in accordance with
the guidelines of the University’s Human Research Ethics
Committee.
Participants were randomly assigned into two treatments
incrementally elevated and a regime where running inten-
sity remained unchanged (INC or CON), matched for gender
and pre-training lactate threshold velocity (LTv). Both treat-
ments required the participants to complete 20 min treadmill
runs 3 times a week for 6 weeks, with the first running
session commencing 0.8 km·h−1 less than the LTv. Every
training and testing session was completed at the same time
of day for each participant. ˙VO2max and lactate threshold
were determined in an incremental treadmill test prior to
and within 48 h of completion of the final training ses-
sion. In INC, treadmill velocity was increased by 0.1 km·h−1
every session, while in CON, treadmill speed was kept con-
stant for the duration of the training. Menstrual cycle was
not controlled in the present study as the phase of men-
strual cycle has no effect on endurance performance and its
determinants.10
Prior to engaging in the study, participants completed a
5000 m time trial on the running track used in the study
to assist them adopting the most appropriate pacing strat-
egy. Twenty-four hours prior to pre- and post-testing, each
participant consumed approximately 8–10 g of carbohydrate
per kg of body weight, slept a minimum of 7 h, and con-
sumed adequate fluid to ensure clear coloured urine. The
laboratory ambient temperature was controlled at 20 ◦C and
relative humidity ranged between 50 and 60%. Prior to com-
mencement of testing, participants were fitted with a two-way
breathing valve (Hans Rudolph, USA) through which expired
air was collected into an online metabolic system (Moxus,
USA), previously calibrated in accordance with the manufac-
turers instructions. Each participant was required to complete
a 6 min warm up. Participants then completed an incremental
treadmill test in order to determine ˙VO2max and LT. Partic-
ipants commenced treadmill running at 9 km·h−1 on a 1%
gradient (Austradex, Australia), and ran for 1 min before
coming off the treadmill. During a 1 min rest period 25L
of blood was extracted from the fingertip and collected into
a micro-capillary tube for blood lactate concentration analy-
sis. The blood sample was injected into an automated lactate
analyser (YSI 2300, Yellow Springs), calibrated according
to the manufacturer’s specifications using a two-point cali-
bration method of 5 and 30 mM l−1, respectively. After the
1 min rest period used to extract a blood sample, the tread-
mill speed was then progressively increased by 1 km·h−1.
This incremental progression in speed alternated with 1 min
rest periods to allow blood sampling was repeated until voli-
tional exhaustion. ˙VO2max was determined as the highest
60 s O2 value recorded during the test and confirmed as a
peak result if the respiratory exchange ratio (RER) exceeded
1.10. The LT was determined at the treadmill intensity where
blood lactate concentration increased by 0.22 mmol above
the basal level.6 The maximal treadmill velocity (Vmax) was
determined from the final speed that could be sustained for
1 min. The 5000 m time trial runs were performed at a recre-
ational park at approximately the same time of day for both
the pre- and post-test and verbal instruction and encourage-
ment was provided to ensure each participant ran at their
maximal effort.
Differences between groups and within groups over
time were analysed using a 2 × 2 (group × time) repeated
measures analysis of variance (RMANOVA) with main
effects for group and time, and a group × time interaction.
Assumptions were checked using Levene tests (equality of
within-group variances), Box M tests (equality of within-
group covariance matrices), and normal Q–Q plots and
Kolmogorov–Smirnov–Lillefors and Shapiro–Wilks tests
(within-group normality). Within group changes from pre- to
post-training were also examined using t-tests for dependent
measures. The data are expressed in absolute figures, per-
centage change after training and upper and lower confidence
intervals (95% CI).
Significance was set at p≤ 0.05 for all analyses.
3. Results
Table 1 presents the mean changes in physiological mea-
sures and 5000 m time trial performance. Our analyses show
that ˙VO2max increased significantly over time under both
INC (p = 0.005) and CON (p = 0.001) treatments, although
the changes in ˙VO2max under the two treatments did not dif-
fer significantly (p = 0.127). LTv increased significantly over
time in INC (0.004) but was not significantly different in
CON over time (p = 0.082); the increase in LTv was signifi-
cantly greater in INC compared to CON (p = 0.010). LT ˙VO2
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Table 1
Pre-training vs. post-training values in the regime where treadmill-running intensity was incrementally elevated (INC) and a regime where running intensity
remained unchanged (CON) for maximum oxygen uptake ( ˙VO2max), velocity at lactate threshold (LTv), oxygen uptake at lactate threshold (LTVO2), highest
speed achieved during testing (Vmax) and 5000 m time trial performance time (time trial) in the different training groups
Group
INC CON
˙VO2max (ml·min−1)
Pre 3022 (2615–3392) 3165 (2792–3538)
Post 3273* (2746–3493) 3255* (2896–3614)
% change 7.7 2.8
LTv (km·h−1)
Pre 13.7 (12.6–14.5) 13.7 (12.8–14.6)
Post 14.9*,† (13.9–15.6) 13.9 (13.1–14.7)
% change 7.7 1.7
LTVO2 (ml min−1 km·h−1)
Pre 2443 (2110–2776) 2616 (2272–2962)
Post 2656*,† (2335–2976) 2686* (2354–3019)
% change 8.0 2.6
Vmax (km·h−1)
Pre 18.5 (17.3–19.7) 17.9 (16.7–19.1)
Post 19.4* (18.3–20.4) 18.2 (17.2–19.3)
% change 4.4 1.7
Time trial (min)
Pre 25.7 (23.6–27.8) 25.3 (23.1–27.5)
Post 24.4* (22.4–26.4) 24.5* (22 5–26.7)
% change 5.0 3.0
Values are expressed in absolute figures, percentage change after training and upper and lower confidence intervals (95% CI).
* Significantly greater than pre-training value at the p≤ 0.05 level of significance.
† Significantly greater change than CON group at the p≤ 0.05 level of significance.
increased significantly over time in both INC (p = 0.001)
and CRT (p = 0.008); the increase in LT ˙VO2 was signifi-
cantly greater in INC compared to CON (p = 0.042). Vmax
increased significantly over time in INC (p = 0.005) but
not in CON (p = 0.104). The increase in Vmax was not
significantly greater in INC compared with that of CON
(p = 0.054). 5000 m time trial performance time decreased
significantly over time under both INC and CON treatments
(p < 0.000) although the changes in 5000 m time trial per-
formance in the two treatments did not differ significantly
(p = 0.166).
4. Discussion
This study showed that treadmill-running performed 3
times weekly for 6 weeks, significantly improved ˙VO2max,
˙VOmax, LT ˙VO2, LT and 5000 m time trial performance.
However, the key finding is that progressively increasing
the training intensity of each session resulted in signifi-
cantly greater change in LT ˙VO2 and LT velocity compared
to a training regime where the run intensity remained
constant. Furthermore, this study showed that changes
in ˙VO2max were not significantly different between the
intervention treatments nor was 5000 m time trial perfor-
mance.
The change in ˙VO2max after 6 weeks of endurance train-
ing in the present study (∼3–7%) is substantially less than
the ∼18% change observed by Hickson et al. (1981) after 6
weeks of training, despite similar initial pre-exercise ˙VO2max
values. However, the discrepancy in magnitude of change
in ˙VO2max between Hickson et al. (1981) and the present
study is probably attributable to differences in the volume
and intensity of training used. In Hickson et al. (1981) study
participants alternated high-intensity bicycle interval train-
ing with 40 min continuous running on alternate days for
6 days per week. The run duration (20 min) the frequency
(three runs weekly) used in the present study are the minimal
dose of exercise recommended by the ACSM for eliciting
improvements in ˙VO2max.1 Subsequently greater changes in
˙VO2max may be expected if training duration and frequency
are increased.11 Interestingly, the change in ˙VO2max did not
differ significantly between the INC and CON in the present
study. The maximal cardiac output (a function of the maxi-
mal stroke volume and heart rate being attained) is the major
limiting factor in ˙VO2max in endurance-trained individuals.2
Therefore, it is evident from this study that the improvement
in cardiac output was most likely similar between treatments.
The available literature describing the effects of pro-
gressive overload on endurance performance appears
limited to two investigations dating back over 25
years.5,6 Hickson et al. (1981) revealed that changes
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in ˙VO2max will plateau within weeks of initiating
training, and will only increase further if the training
intensity is increased. This highlights the importance
of progressively increasing the exercise intensity from
preceding sessions to maximise improvements in the
individuals ˙VO2max. However the importance of pro-
gressively increasing exercise intensity on the LT has
not been previously reported. Our data provide unique
evidence that the endurance training adaptations respon-
sible for changes in the LT may be inhibited if exercise
intensity is not progressively elevated. Consequently
“Progressive overload” is also important to improve the
LT.
The adaptations reputed to increase the LT are conse-
quent to improving lactate removal or decreasing lactate
production3 and are believed to be different to those adapta-
tions related to changes in ˙VO2max. Physiological adaptations
associated include a greater number of increased cell lactate
transporters increasing the exchange and removal of lac-
tate from the blood, an increase in mitochondria enhancing
skeletal muscle oxidative capacity and a greater concentra-
tion of fat oxidation enzymes and triglycerides in muscle
cells reducing reliance on anaerobic metabolism and carbo-
hydrate oxidation.7 To induce the physiological adaptations
that increase the LT, training intensity needs to be around
the LT.8 As the optimal stimulus to improve LT is to train
close to the intensity eliciting LT,8 the present data sup-
port the notion that training intensity has to be continually
increased to ensure continued improvements in LT. During
this investigation training at speeds just below LT (0.8 km·h−1
less than LT) were insufficient to induce adaptations to the
level of INC training, however from our data it is appar-
ent that training at speeds below LT will still have a small
but significant effect on LT. The present study showed that
commencing running at 0.8 km·h−1 less than the pre-training
LT velocity and increasing training intensity each session
by 0.1 km·h−1 is sustainable over 18 runs performed over 6
weeks, as all participants were able to complete the final train-
ing run (session 18). Individuals with low-exercise motivation
or who are physically compromised by injury or pathology
may benefit from our findings. It is clear that while pro-
gressive overload is recommended to enhance changes in
cardio-respiratory fitness, some improvements in markers of
fitness occur irrespective of incremental increases in exercise
intensity.
Despite our findings that progressive overload is central
to improvements in the LT, a number of issues remain to be
addressed. In the present investigation we could not clearly
distinguish if the greater improvements in INC were conse-
quential to the elevation in intensity or in fact a result of the
greater distance covered due to the progressive increases in
run velocity. The participants in the INC covered approxi-
mately 20% greater distance at the conclusion of the training
regime. Further research would incorporate a constant inten-
sity group that runs the equivalent distance as the INC
group to determine potential differences between incremen-
tal increases in run intensity vs. incremental increases in run
duration. Additionally, while this study provides evidence
that progressive increments of 0.1 km·h−1 were sustainable
over 6 weeks, little scientific literature exists on the amount
of exercise sessions (or time length) an individual is able to
sustain if exercise is progressively elevated from the preced-
ing training session. It is important that the temporal limits of
the body’s ability to adapt to specific incremental changes in
exercise intensity be established in order to effectively plan
the appropriate rate of change in training intensity in a peri-
odised program. Presently, the American College of Sports
Medicine recommends adjustments in intensity of no more
than 5% of heart rate reserve every 6th session,1 however
the scientific rationale of this recommendation is not clear.
The present investigation found that significant changes in
markers of aerobic fitness will occur as a result of increases
in intensity of as little as 2.3% per week. This information
may be used by individuals and exercise professionals aim-
ing to improve cardio-respiratory or endurance fitness by
providing evidence of sustainable rates of exercise intensity
increments.
5000 m time trial performance improved in INC and
CON (4% vs. 3%) but was not significantly differ-
ent between the treatments although there appears to
be a trend for INC having a greater effect on time
trial performance as the p value was close to signifi-
cance (p = 0.054). It was anticipated that improvements
in 5000 m time trial would be greater in INC due to
the greater improvement in LT. An improvement in LT
would be expected to improve 5000 m time trial per-
formance as the exercise intensity at which lactic acid
accumulates to fatiguing levels is increased.9 However,
most likely the participants’ inexperience in 5000 m time
trial running and their ability to adopt an appropriate
pace resulted in variations in time trial performance that
may have masked any lactate threshold change on perfor-
mance, Furthermore, the physiological determinants of the
5000 m time trial performance in the present study were
limited to measurements of ˙VO2max and LT; it is clear
that running economy, anaerobic capacity and anaerobic
power are also important determinants of running perfor-
mance.
5. Conclusion
In conclusion, the present study showed that INC and
CON were both effective in producing significant changes
in ˙VO2max, Vmax, LT ˙VO2, LTv and 5000 m time trial
performance. Progressive incremental increases in exer-
cise intensity evoked significantly greater change in Vmax,
LT ˙VO2 and LTv than a training regime where intensity
remained unchanged. This study shows that individuals ini-
tiating endurance training should apply the principle of
“progressive overload” to maximise endurance training adap-
tations.
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Practical implications
• Sustaining treadmill-running velocity at
0.8 km·h−1 less than the lactate threshold
for 20min on three occasions per week
for 6 weeks will result in positive gains in
endurance performance.
• Greater improvements in lactate threshold
will occur if the exercise intensity is incre-
mentally increased each session.
• A progressive and sustained increase in run
speed of 0.1 km·h−1 is tolerable in 18 runs
performed over a 6 week training regime
for previously sedentary individuals initiating
exercise.
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